A longitudinal analysis was carried out of the colonization by four potential respiratory pathogens -Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis and Staphylococcus aureus -in 165 healthy children (aged 3-7 years) attending three kindergartens and 417 healthy children (aged 7-10 years) attending an elementary school in Seoul, Korea, by four consecutive examinations over 1 year. The prevalence of nasal carriers of one or more of four bacteria was found to be higher in younger children (¡7 years) (mean 68.6 %) than that in older children (mean 46.8 %). The mean rates of nasal carriage of Strep. pneumoniae, H. influenzae, M. catarrhalis and Staph. aureus were 16.8, 18.9, 20.2 and 18.2 %, respectively. Colonization by Strep. pneumoniae, H. influenzae and M. catarrhalis was higher in pre-school children (28.6, 32.4 and 35.0 %, respectively) than in school children (12.2, 13.6 and 14.3 %, respectively). Carriage trends differed with age, with Strep. pneumoniae, H. influenzae and M. catarrhalis colonization decreasing with age but Staph. aureus colonization increasing. Positive associations of co-occurrence between Strep. pneumoniae, H. influenzae and M. catarrhalis were evident, with a significant negative association evident between Staph. aureus and the other three bacteria. A better understanding of the colonization and interaction of potential respiratory pathogens may be important for predicting changes in bacterial ecology and for designing control strategies that target bacterial colonization in upper respiratory tract infections.
INTRODUCTION
Respiratory pathogens such as Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis and Staphylococcus aureus can asymptomatically colonize the human upper respiratory tract (URT) (i.e. nose and throat). The result can be various respiratory infections, as well as invasive diseases (Marchisio et al., 2001; Jacobs et al., 2003) .
In the human URT, bacterial colonization is a dynamic process in which bacteria are acquired, eliminated and reacquired many times during a human life and can be influenced by various factors such as host age, immune status, exposure to antibiotics, smoking and overcrowded living conditions (Marchisio et al., 2001; García-Rodríguez & Fresnadillo Martínez, 2002; Chen et al., 2007; Mukundan et al., 2007) .
Most carriage studies have focused on individually evaluating colonization by a single bacterium (O'Brien et al., 2003; Farjo et al., 2004; Greenberg et al., 2004) . Recently, some carriage studies have reported the cooccurrence of a number of bacteria and suggested direct interactions such as interference or competition between the various bacterial species in the URT (Jacoby et al., 2007; Pettigrew et al., 2008) . Although knowledge is limited, a change of colonization pattern of potential pathogens in the URT may have an effect on both the development of disease and the spread of pathogens in an individual. Thus, the composition of the various nasal potential pathogens is crucial in understanding bacterial interactions, interpreting disease epidemiology and designing control strategies for diseases caused by these respiratory pathogens.
The Korean Ministry of Health and Welfare has reported that the number of Korean children ¡5 years of age in day-care facilities or attending kindergarten is 62.8 % (1 690 000 and 2 690 000 children, respectively) (Korean Ministry of Health and Welfare, 2010) . Thus, in Korean society, many of its youngest children are likely to be exposed to respiratory pathogens. There has been no comprehensive longitudinal study of the colonization patterns of potential respiratory pathogens in young children in Asia. To understand the bacterial colonization in young children exposed to a crowded urban environment, we designed the present study to monitor the prevalence of nasal carriage and co-colonization patterns of Strep. pneumoniae, H. influenzae, M. catarrhalis and Staph. aureus in healthy pre-school and school children in Seoul, Korea. This longitudinal study involved three kindergartens and one elementary school, with measurements taken four times during the year-long period of study.
METHODS
Study design. This study was designed to investigate longitudinally the nasal carriage of four potential respiratory bacteria in healthy children aged 3-10 years, attending kindergarten or the first 2 years of elementary school in Seoul, Korea, over a 1-year period. A total of 582 children from three kindergartens and one elementary school were enrolled in this study. They comprised 165 children (28.4 %) aged 3-7 years attending three kindergartens and 417 children (71.6 %) aged 7-10 years attending an elementary school (grade 1, seven classes, n5212; grade 2, seven classes, n5205). The mean ages were 5.6±1.2 and 8.4±0.6 years, respectively, in the two groups. Approximately half of the participants were male (51.0 %). A total of 2328 nasal aspirates were obtained from the 582 children at four time points This study was approved by the Research Ethics Committee of the Korea Centers for Disease Control and Prevention. In all cases, parental informed consent was obtained and a written questionnaire was completed by each participant's parent regarding the subject's age, gender and history of recent respiratory infections and antibiotic therapy.
Sample collection. We visited each classroom in the three kindergartens and the elementary school and collected nasal aspirates from enrolled children displaying no signs of respiratory infections. For the collection, a sterile physiological saline solution was instilled into one of the child's nostrils and the mucus was recovered through a tube introduced into the nostril. The mucus was emptied individually into a specially designed sterile container connected to a portable suction apparatus. All specimens were transported to the microbiology laboratory of the NeoDin Medical Institute, Seoul, Korea, within 4 h of collection. Data analysis. All statistical analysis was performed using SAS software version 9.2 (SAS Institute) as appropriate. For all comparisons, P,0.05 was considered statistically significant. The relationship between Strep. pneumoniae, H. influenzae, M. catarrhalis and Staph. aureus in healthy children was analysed using a logistic regression model (Pettigrew et al., 2008) .
RESULTS AND DISCUSSION
Carriage rates of Strep. pneumoniae, H. influenzae, M. catarrhalis and Staph. aureus Table 1 shows the nasal carriage rate for the individual bacteria in healthy children. Among the 582 children, the carriage rates of Strep. pneumoniae were 17.2, 15.8, 19.8 and 14.6 % (mean 16.8 %) at the four sampling times, whilst H. influenzae carriage rates were 19.9, 14.6, 21.1 and 19.9 % (mean 18.9 %). The prevalence of colonization by M. catarrhalis gave a mean value of 20.2 %, ranging from 17.4 to 26.0 % at the four sampling times.
Colonization by Staph. aureus ranged from 14.1 to 23.9 % (mean 18.2 %). There was no significant difference in the carriage rate of the four bacteria among all the children. However, when comparing the carriage rate between the two age groups, the prevalence of nasal colonization by each bacterium was significantly affected by the children's age. Strep. pneumoniae, H. influenzae and M. catarrhalis were significantly more prevalent (means of 28.6, 32.4 and 35.0 %, respectively) in younger children attending kindergarten and less prevalent (means of 12.2 %, 13.6 %, and 14.3 %, respectively) in pupils in grades 1 and 2 (P,0.0001). In contrast, colonization by Staph. aureus was higher in elementary-school pupils (20.6 %) compared with younger children (12.2 %) (P,0.0001). Table 2 shows the frequencies of nasal colonization by one or more of the four respiratory pathogens at each of the four sampling times. Of the total 582 children, 325 Comparison of the two groups showed that the prevalence of nasal carriage with one or more of the bacteria was higher in the younger kindergarten children than in the elementary-school children over the four periods (P,0.0001). Overall carriage rates of one or more bacteria were 68.6 % in the 165 children attending kindergarten and 46.8 % in the 417 children attending elementary school during the study.
Nasal colonization of four respiratory bacteria
Frequency of simultaneous carriage of the four respiratory bacteria Table 2 shows the co-colonization patterns of the four bacteria according to sampling time and age group. Over half of the school children (53.2 %) did not carry any of the four bacterial species in their nasal cavities. All four bacterial species were absent in 31.4 % of kindergarten children (P,0.0001). Whilst the most frequent carriers of M. catarrhalis were kindergarten children (13.2 %), the prevalence of carriers of Staph. aureus only was highest (18.4 %) in the elementary-school children.
With regard to the overall carriage rate with a single bacterium, 6.1 and 4.4 % of kindergarten and elementary-school children, respectively, harboured Strep. pneumoniae alone, 9.4 and 5.2 % harboured only H. influenzae, 13.2 and 7.6 % harboured only M. catarrhalis and 8.5 and 18.4 % harboured only Staph. aureus. Carriers of more than one bacterial species were common: 45.9 % of positive samples (208/453) contained more than one bacterium in kindergarten children and 23.8 % of positive samples (186/780) in elementaryschool children. In addition, the frequencies of simultaneous co-colonization of two or three bacteria were generally higher for kindergarten children than for elementary-school children.
In kindergarten and elementary-school children, the overall rates of carriage of Strep. pneumoniae and H. influenzae together were 7.4 and 3.0 % (P,0.0001), rates of carriage of Strep. pneumoniae and M. catarrhalis together were 6.1 and 1.7 % (P,0.0001), and rates of carriage of H. influenzae and M. catarrhalis together were 6.2 and 1.9 % (P,0.0001), respectively. It is of note that the concurrent carriage rates of the three bacteria Strep. pneumoniae, H. influenzae and M. catarrhalis were 7.6 and 2.3 % (P,0.0001) for the kindergarten and elementary-school children, respectively. Table 3 summarizes the association between nasal cocolonization of Strep. pneumoniae, H. influenzae, M. 
Association between colonization of the four bacteria
*Carriers were defined as children colonized with one or more bacterial species. Nasal colonization by potential respiratory bacteria catarrhalis and Staph. aureus in healthy children. An odds ratio (OR) of 1.0 indicates that the presence of one bacterium is unaffected by the other. A positive correlation between pairs of bacteria is indicated by an OR .1 and a negative correlation is indicated by an OR ,1. There was a significant positive association of co-occurrence between Strep. pneumoniae, H. influenzae and M. catarrhalis. However, a negative association was identified between Staph. aureus and the three other bacteria. Staph. aureus colonization resulted in a reduction in the odds of colonization of all three bacteria in both kindergarten and elementary-school children.
Colonization of potential respiratory pathogens in the URT is very common in healthy children (Farjo et al., 2004) . Our longitudinal carriage study indicated that the carriage of Strep. pneumoniae, H. influenzae and M. catarrhalis was more prevalent in younger children, but Staph. aureus carriage was more frequent in older children. Positive associations of co-occurrence were evident between Strep. pneumoniae, H. influenzae and M. catarrhalis, but a significant negative association was evident between Staph. aureus and the other three bacteria. However, the results of carriage studies vary considerably from study to study. It is difficult simply to compare the carriage rates of potential respiratory pathogens because of the influence of numerous factors such as age, geographical area, sampling site, sampling technique, immunization programme and socio-economic conditions (Auranen et al., 2010; Gunnarsson et al., 1998) .
One of the drawbacks of this study was that we did not undertake an accurate investigation of H. influenzae type b (Hib) vaccine and 7-valent pneumococcal conjugate vaccine (PCV7) immunization in the recruited children. Moreover, these are not currently included in the National Immunization Programme and would have been administrated to infants through private clinics in Korea. Thus, we could not determine how far the immunization of these two vaccines influenced the results of this study.
In contrast to many studies for young children aged ¡2 years, who have the highest prevalence of carriage, we focused on two age groups that have been exposed to the crowded environment of urban life: pre-school children (3-7 years) and children in grades 1 and 2 of elementary school (7-9 years). The mean rates of nasal carriage of Strep. pneumoniae, H. influenzae, M. catarrhalis and Staph. aureus were 16.8, 18.9, 20.2 and 18.2 %, respectively, of all the children studied. The younger age group showed a higher carriage rate than the older children. Colonization of Strep. pneumoniae, H. influenzae and M. catarrhalis was higher in pre-school children (28.6, 32.4 and 35.0 %, respectively) than in elementary-school children (12.2, 13.6 and 14.3 %, respectively). These carriage patterns are consistent with previous studies (Bogaert et al., 2004a; Gunnarsson et al., 1998; RegevYochay et al., 2004) .
A study conducted in Sweden reported that the overall isolation frequencies of Strep. pneumoniae in pre-school children (,7 years), school children (7-15 years) and adults were 19.0, 6.0 and 0.8 %, respectively; isolation frequencies of H. influenzae were 13.0, 6.0 and 3.0 % and isolation frequencies of M. catarrhalis were 27.0, 4.0 and 2.0 % (Gunnarsson et al., 1998) . Another study reported that colonization of these three bacteria peaked at 2-3 years of age and decreased gradually up to 15-16 years (García-Rodríguez & Fresnadillo Martínez, 2002) . In contrast, the colonization patterns of Staph. aureus differed from those of the other three bacteria. We also found a higher carriage of Staph. aureus in older children (20.6 %) than in younger children (12.2 %), resembling the peak incidence of Staph. aureus carriage at 10 years of age among children in other studies (Bogaert et al., 2004b; Regev-Yochay et al., 2004) . Collectively, these epidemiological data support the view that the significant increase in Staph. aureus carriage in these children may be explained by the interference competition between Staph. aureus and Strep. pneumoniae and by different host responses to these bacterial species.
The nasal cavity in the upper airway is the primary colonization site of many potential respiratory pathogens and commensal species in humans. Interspecies interactions may influence nasal colonization by potential pathogens in a microbial community that is both complex and dynamic. To understand the comprehensive associations between Strep. pneumoniae, H. influenzae, M. catarrhalis and Staph. aureus, we analysed the co-colonization patterns among these four potential respiratory pathogens in healthy children through a modelling approach identical to one used previously (Jacoby et al., 2007) . We identified separate positive associations between Strep. pneumoniae, H. influenzae and M. catarrhalis. In contrast, co-colonization of Staph. aureus and the other bacteria was rarer than expected, with negative associations evident. As a whole, our findings are consistent with those of an earlier study conducted in healthy children, except for the relationship between Strep. pneumoniae and Staph. aureus (Jacoby et al., 2007) .
Recent epidemiological studies and in vivo animal studies have shown subtle but conflicting views of the associations between potential respiratory pathogens in the URT (García-Rodríguez & Fresnadillo Martínez, 2002; Murphy et al., 2009) . Interbacterial competition between Strep. pneumoniae and H. influenzae showed contradictory results (Murphy et al., 2009 In addition, antimicrobial drugs or vaccines that target specific bacterial species may alter microbial communities in the URT, with unanticipated consequences. There is debate about the effects of pneumococcal vaccination on the colonization and infection by other respiratory bacteria. van Gils et al. (2011) showed a temporary increase in Staph. aureus colonization in children at around 12 months of age after the PCV7 vaccination. In addition, it has been reported that the use of PCV7 increased Staph. aureus-related acute otitis media (Veenhoven et al., 2003) . However, some studies have found no increase in Staph. aureus acute otitis media associated with the PCV7 vaccine (Casey et al., 2010; Cohen et al., 2007) . This trend was observed for the proportion of bacteraemia caused by Staph. aureus in young children after vaccination (Herz et al., 2006) . Considering our results, these previous results support the suggestion that nasopharynx flora modification such as the elimination of Strep. pneumoniae, H. influenzae and M. catarrhalis may increase the likelihood of Staph. aureus colonization and the risk of Staph. aureus infection. Recent approaches in the development and use of vaccines to reduce the carriage of potential respiratory pathogens may have an influence on the prevalence of URT colonization by target bacteria and the incidence of subsequent respiratory infection. Thus, an understanding of the interaction between bacteria may be important for predicting changes in the ecology of URTs and for designing control strategies that target bacterial colonization in the URT.
